The impact of invasive species on biodiversity has attracted considerable study, but impacts of the invasion process on the invaders themselves remain less clear. Invading species encounter conditions different from those in their ancestral habitats and are subject to intense selection for rapid dispersal. The end result may be significant stress on individual organisms, with consequent health problems. Our studies on invasive cane toads in Australia reveal severe spinal arthritis in Ϸ10% of large adult toads, associated with the same factors (large body size, frequent movement, and relatively long legs) that have enabled toads to invade so rapidly across the Australian tropics.
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anuran ͉ invasive species ͉ locomotion ͉ spondylitis ͉ colonization T he increasing rate at which humans translocate animals around the world has resulted in a virtual epidemic of biological invasions, with taxa from many lineages flourishing in the novel environments to which they have been introduced and degrading native ecosystems (1) . Although the transfer of pathogens and parasites from invasive taxa to native species has been recognized as a potential mechanism of impact (2), less attention has been paid to the health of the invasive species itself. Presumably, many introductions fail because local diseases and parasites are fatal to the invading taxon (2), but there may be another as yet unrecognized health cost to the invader: stresses imposed by the invasion process. Not only does the invader have to cope with novel challenges in its new environment, but the invasion process strongly favors individuals on the invasion front that undertake rapid dispersal that facilitates range expansion (3, 4) . Such an evolved shift in individual movement patterns may impose massive challenges on the locomotor system.
Cane toads (Chaunus [Bufo] marinus) are very large (up to Ͼ2 kg), highly toxic anurans native to South and Central America. They have been intentionally translocated to more than 40 countries in attempts to control agricultural pests (5) . The resultant ecological havoc has rendered the cane toad one of the world's most notorious invasive species (6) . Introduced to northeastern Australia in 1935, the toads have expanded their range across more than a million square kilometers of the country and, on the invasion front, have evolved to move frequently and rapidly. Invasion-front toads average Ͼ130 m of displacement per day during the rainy season, whereas toads from oldestablished populations average approximately one-third this distance (4); part of this difference is due to morphological evolution [radio-tracked toads with longer legs and larger body size move further each day, and the invasion front is dominated by large toads with relatively long legs (7)] and part is due to evolved behavioral shifts [invasion-front toads move more often and further and follow straighter paths (4)].
Results
While conducting research on a cane toad invasion front in the Northern Territory (7), we noticed a high incidence of spinal abnormalities. Cane toads have nine vertebrae separated by synovial joints (not cartilaginous discs as in mammals) (8) , and Ϸ10% of large adult toads (Ͼ110-mm snout-urostyle length) in these frontal populations had large bony growths fusing one or more of those joints (Fig. 1) . The arthritic condition is absent in smaller toads (logistic regression with toad body size vs. arthritis occurrence: 2 ϭ 13.94; df ϭ 1; P Ͻ 0.0002; see Fig. 2A ). The frequency of spinal arthritis also is correlated with the mean rate of movement measured in toads from each of three populations spanning much of the species' invasion history in Australia (based on radio-tracking in a common garden situation: n ϭ 3 populations; r ϭ 0.99; P ϭ 0.039; see P Ͻ 0.0001), as expected from the greater stresses on these joints during toad locomotion (9, 10) . Further evidence suggesting a causal link between prolonged movement and joint inflammation comes from the following: (i) locomotor tests [after the first 15 m, arthritic toads covered increasingly less distance per hop than did healthy conspecifics of the same body size (see Fig. 2C ; interaction distance traveled ϫ spinal condition: F 29,754 ϭ 2.04; P Ͻ 0.0015)]; and (ii) a higher incidence of arthritis in toads with relatively longer legs (see Fig. 2B ; after controlling for body size: 2 ϭ 17.45; df ϭ 1; P Ͻ 0.0001), another trait associated with frequent rapid dispersal (7). Radio-tracking of free-ranging toads shows that the arthritic animals continue to move at least as far and fast under field conditions as do nonaffected conspecifics (mean distances 157 vs. 144 m per day respectively, based on 11 pairs of size-matched animals monitored over the same time periods: F 1,20 ϭ 0.06; P ϭ 0.81). Thus, when pushed to move, spondylitic toads rapidly lose locomotor ability (presumably because of the pain associated with joint inflammation), but under field conditions spondylitic individuals move just as far as nonspondylitic individuals, despite the apparent handicap.
Discussion
Spinal infection rates in mammals increase with body size and age, suggesting a relationship with preexisting degenerative changes (11) (12) (13) . The same may be true for toads with spinal arthropathy. Many toads with infected spinal joints also have other joints that show early degenerative changes with no evidence of infection (14) . Published reports of O. anthropi associated with disease are limited to a few case reports in humans (15, 16) . These reports commonly involve the sequelae of blood infection, including infection of the inner eye, heart valves and bone, and the sequelae are predisposed by immunosuppression (16) . Invasion-front toads move consistently (every night, with no time for recovery) into novel (and often, suboptimal) habitats, a behavior that may render them more susceptible to infection by otherwise harmless bacteria (16, 17) .
Our observations comprise a report of spinal arthritis in anurans and describe involvement of the ubiquitous soil bacteria O. anthropi in such a disease process. Why do Australian cane toads at the invasion front exhibit a high prevalence of this condition? Ironically, factors that have contributed to the toads' rapid spread across the continent also have rendered it susceptible to arthritis. First, cane toads are among the largest anurans. Larger body size provides advantages to a colonizer (e.g., a bigger animal can move faster, eat a wider range of prey, and withstand desiccation better and is less vulnerable to predators) but also increases susceptibility to arthritis [within lineages, larger species show a higher incidence (11)]. Second, the process of invasion appears to have selected for larger toad body sizes on the invasion front, so an already large anuran has been selected for larger size. Third, behavioral adaptations to the invasion process itself [notably, the shift to a highly active lifestyle (4, 7)] place more stress on the locomotor system, including the spine. And fourth, biomechanical stresses are exacerbated by the evolution of longer hindlimbs, which deliver greater propulsive force with each hop (10) . Immunosuppression may play a role in many amphibian infections (18) , and immunosuppression predisposes to spinal infections in other species (19, 20) . Evidence is accumulating that show that invasive taxa invest less in their immune system, instead favoring ''r-selected'' life history strategies (21) . An invader's immune system also may suffer from the reduced genetic variance associated with founder effects and genetic drift.
Hence, the invasion of northern Australia has modified cane toads in ways that have facilitated their rapid and successful spread across the continent but at the same time may have placed great challenges on the health of these animals. An anuran Fig. 2 . Spinal arthritis in cane toads at an invasion front in tropical Australia is more common in larger animals (A), is more common in animals with relatively long hindlimbs compared with body length (relative leg length is calculated as the residual score from the general linear regression of tibia length vs. snout-urostyle length) (B), and causes the afflicted animals to take shorter hops (C). skeletal system that functions well for small, infrequently moving animals has been unable to tolerate the persistent activity of large, highly active, invasion-front toads. The major spinal deformations of these animals testify to the great stress that invading species may place upon themselves, as well as upon the ecosystems that they imperil. More generally, our study (demonstrating such stress) highlights not only the utility of invasive species for detecting responses to novel selective forces but also the value of incorporating wildlife health perspectives to fully understand the process of biological invasion. Effects of Spondylosis on Locomotor Performance of Toads. We accumulated 14 toads (six female and eight male) with spondylosis (diagnosed by palpation of live toads). We matched each of these individuals with a toad of the same size and sex but with normal spines (later confirmed by postmortem examination). To test their locomotor performance, toads were raced down a 10-m runway three times in immediate succession, on a single night, in random order (without the investigator knowing their spinal condition).
Materials and Methods
Telemetry. We fitted 11 pairs of toads matched by size and sex but differing in spinal condition (determined by palpation) with radio transmitter belts. These individuals were sampled from the frontal populations only. These pairs of toads were released on the same night at the same place, and located daily over 5 days by using a global positioning system receiver. In another set of trials, data on the mean movement rate of toads from Normanton, Borroloola, and Darwin were calculated from individuals collected at each of these locations and radio-tracked contemporaneously at the same location (Darwin) (see ref. 4 for detailed methods). Movement rate was expressed as the probability of moving per day multiplied by the average distance moved per day, a metric that accurately predicts long-term movement rates in this species (4).
Bacteriology. Aseptic technique was used to obtain swabs from intervertebral joints of nine toads with spinal arthritis and four with normal spines. Swabs were inoculated onto tryptone soya agar with sheep blood and MacConkey agar (Oxoid, Thebarton, Australia). Media plates incubated at 30°C were checked for growth at 24 and 48 h. Bacteria were identified with the phenotypic systems AP 20 NE (bioMérieux, Baulkham Hills, Australia).
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